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The production cross section of neutron-rich isotopes of Ca, Zn, Te, Xe, and Pt are predicted
in the diffusive multi-nucleon transfer reactions with stable and radioactive beams. With these
isotopes one can treat the neutron shell evolution beyond N = 28, 50, 82, and 126. Because of the
small cross sections, the production of nuclei near the neutron drip line requires the optimal choice
of reaction partners and bombarding energies.
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I. INTRODUCTION
One of the primary issues of nuclear physics is an ex-
pansion of the present limits of the nuclear chart far
from the line of stability. The neutron-rich isotopes lo-
cated close to the neutron-drip line have attracted inter-
ests during the last few decades. In the study of exotic
neuron-rich nuclei a variety of new aspects have been dis-
covered such as the existence of neutron skins, neutron
halos, and shell evolutions leading to new magic numbers.
Furthermore, these neutron-rich nuclei play a crucial role
in the r-process in nuclear synthesis.
Nowadays, the nuclei far from stability are accessible
in vast region of the nuclear chart by various reactions.
Fission should be suitable to generate a certain number
of neutron-rich nuclides [1], but this method was found
not to be promising for the production of nuclei near the
drip line. Instead, the fragmentation reactions can pro-
duce very neutron-rich nuclei [2, 3] at energies well above
the Fermi energy. However, in the fragmentation reac-
tions, the yields of these nuclei decrease with increasing
isospin quantum number and a large excitation energy
is available, which can wash out the primary yields of
extremely neutron-rich nuclei. On the other hand, the
neutron-rich nuclei can be also effectively produced in
the transfer-type reactions in which the control of exci-
tation energy is easier [4–17].
The experimental setups, which are presently under
construction, would provide quite intensive beams of ra-
dioactive nuclei. (See, for example, Ref. [18].) One of the
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applications of these beams would be the production of
new neutron-rich isotopes using either complete fusion or
transfer reactions. While one can reach only specific iso-
topes in the complete fusion reactions, the transfer-type
reactions can yield larger variety of isotopes because of
the restrictions in the choice of the target. Note that the
use of the beam of neutron-rich nuclei in the fragmenta-
tion reactions has no advantage compared with the beam
of stable isotopes.
The aim of the present paper is to predict the produc-
tion cross sections of new neutron-rich Ca, Zn, Te, Xe,
and Pt isotopes via the diffusive multi-nucleon trans-
fer reactions at incident energies near the correspond-
ing Coulomb barriers (3–5 MeV/nucleon). These very
neutron-rich isotopes have the neutron numbers beyond
N = 28, 50, 82, and 126, respectively. So, the study
on their productions is expected to provide useful infor-
mation about the shell evolution near the drip line. Be-
cause the cross sections for producing neutron-rich iso-
topes near the neutron drip line are estimated to be
small, the production of neutron-rich isotopes requires
an optimal choice of the projectile-target combinations
and bombarding energies for future experiments. In the
present paper, by extending the work of Ref. [16], we in-
vestigate the production of various neutron-rich isotopes
and study other possible reactions for the production of
the isotopes previously considered.
The present paper is organized as follows. In Sec. II,
we present the model used for estimating the production
cross sections of neutron-rich nuclei. The obtained results
are given in Sec. III with detailed discussions. We then
summarize in Sec. IV.
2II. MODEL
The dinuclear system (DNS) concept [19] was proposed
to explain the mechanisms of the complete fusion, quasi-
fission, and nucleon transfer reactions. The quasifission
and transfer products result from the decays of various
DNS configurations. The DNS is formed at the capture
stage of the reaction after complete dissipation of the ki-
netic energy of the relative motion [15, 16, 20–24]. The
dynamics of the process is considered as a diffusion of
the DNS in the charge and mass asymmetry coordinates,
which are defined by the charge and neutron numbers Z
and N , respectively, of the light or heavy nucleus of the
DNS. During the evolution in Z and N , the excited DNS
can decay into two fragments by the diffusion in relative
distance R between the centers of the DNS nuclei.
In our approach, the production of exotic nuclei is con-
sidered as a three-step process. First, the initial DNS
with the nucleus of (Z = Z(i), N = N (i)) is formed in the
entrance reaction channel. And then the DNS with exotic
nucleus of (Z = Z(ex), N = N (ex)) is created through nu-
cleon transfers. Finally, this DNS is rapidly divided into
two fragments. The created exotic neutron-rich nuclei
with (Z(ex), N (ex)) are predominantly de-excited γ emis-
sions and neutron evaporations.
In the present work, we firstly consider the reactions
leading to the neutron-rich nuclei whose excitation ener-
gies are smaller than their neutron separation energies.
Then we study the opportunity of feeding the yield of
neutron-rich nuclei from the neutron emission of prop-
erly excited more neutron-rich isotopes.
A. Potential energy of dinuclear system
In the DNS, the potential energy is defined as the sum
of the mass excesses of the both nuclei and their interac-
tion energy. Therefore, the phenomenological potential
of the DNS is written as [20, 21, 25]:
U(R,Z,N, J) = B1 +B2 + V (R,Z,N, J), (1)
where B1 and B2 are the mass excesses of the light and
heavy nuclei, respectively, and V is the nucleus-nucleus
interaction potential. In this work, the experimental
mass excess is used, if possible. For the nuclei whose em-
pirical mass excesses are not available, we take the values
predicted in Ref. [26] within the microscopic-macroscopic
model.
The nucleus-nucleus interaction potential between two
nuclei can be written as
V (R,Z,N, J) = VC(R,Z,N) + VN (R,Z,N)
+ Vrot(R,Z,N, J), (2)
which includes the Coulomb interaction, the nuclear in-
teraction, and the centrifugal term. The centrifugal po-
tential Vrot in the formed DNS is usually expressed under
the assumption that this system has the rigid body mo-
ment of inertia I, which leads to
Vrot =
~
2 J(J + 1)
2I
, (3)
where J is the orbital angular momentum of the collision
between the two nuclei.
In the calculation of the Coulomb and nuclear interac-
tions, the deformations of the DNS nuclei are important.
The Coulomb potential for two quadrupole deformed nu-
clei is analytically calculated following Ref. [27] as
VC =
e2Z1Z2
R
+
e2Z1Z2
R3
(
9
20pi
)1/2 ∑
j=1,2
R20jβ2jP2(cos θj).(4)
Here, Zj and β2j are the proton number and the
quadrupole deformation parameter of the nucleus “j”
(j= 1,2) in the DNS, respectively, and P2(cos θj) is the
Legendre polynomial with the angle θj between the sym-
metry axis of the nucleus “j” and the axis z connecting
the centers of mass of the DNS nuclei. The radius of a
nucleus “j” with mass number Aj = Zj +Nj is param-
eterized as R0j = r0A
1/3
j , where r0 = 1.15 fm. In the
present work, we take the β2j values from Ref. [28].
The nuclear part of the nucleus-nucleus potential reads
VN =
∫
ρ1(r1)F (r1 − r2)ρ2(R − r2) dr1dr2, (5)
which is obtained by using the double folding formal-
ism [25] with the density-dependent nucleon-nucleon in-
teraction. Among those kinds of interactions, we employ
the Skyrme-type effective interaction which is well known
from the theory of finite Fermi systems [29]:
F (r1 − r2) = C0
[
Fin
ρ0(r1)
ρ00
+ Fex
(
1−
ρ0(r1)
ρ00
)]
× δ(r1 − r2),
Fin,ex = fin,ex + f
′
in,ex
(N1 − Z1)
A1
(N2 − Z2)
A2
,
ρ0(r) = ρ1(r) + ρ2(r). (6)
For our numerical calculations we use the following pa-
rameters: C0 = 300 MeV fm
3, fin = 0.09, fex = 2.59,
f ′in = 0.42, f
′
ex = 0.54, and ρ00 = 0.17 fm
−3. The densi-
ties of the nuclei are taken in the two-parameter Saxon-
Woods form as
ρj(r) =
ρ00
1 + exp
[
(r −Rj(θ′j , ϕ
′
j))/a0j
] (7)
with the diffuseness parameter a0j = 0.55 fm for the nu-
clei considered in this work and Rj(θ
′
j , ϕ
′
j) = R0j [1 +
β2jY20(θ
′
j , ϕ
′
j)], where θ
′
j and ϕ
′
j are the angles defined in
the body-fixed system.
3B. Production cross sections
The production cross section σZ,N of the nucleus with
Z proton and N neutrons can be written as
σZ,N = σcapYZ,N , (8)
where σcap and YZ,N are the capture cross section and
the formation-decay probability of the DNS configura-
tion with the given charge and mass asymmetries, re-
spectively. The capture cross section is expressed as
σcap =
pi~2
2µEc.m.
Jcap(Jcap + 1), (9)
where µ is the reduced mass for the projectile-target sys-
tem and Ec.m. is the bombarding energy in the center
of mass frame. The value of angular momentum Jcap is
determined by the bombarding energy. For example, if
Ec.m. is 20 % larger than the Coulomb barrier energy, the
orbital angular momentum is about 90 [9]. If the value
of Ec.m. is close to the Coulomb barrier energy, Jcap does
not exceed 30–40. However, the angular momentum de-
creases the stability of the exotic nuclei of interest. So,
we choose Jcap = 30 to produce neutron-rich isotopes of
interest with rather small angular momenta.
The formation-decay probability is calculated by the
simple statistical method introduced in Ref. [15], which
reads
YZ,N ≈ 0.5 exp
[
−
U(Rm(Z,N0), Z,N0, J)− U(Rm(Z
(i), N (i)), Z(i), N (i), J)−Bqf(Z
(i), N (i))
Θ(Z(i), N (i))
−
BR(Z,N)
Θ(Z,N0)
]
.(10)
Here, we use the DNS potential energy U at the touching
distance Rm(Z,N) ≈ R01
(
1 +
√
5/(4pi)β21
)
+ R02
(
1 +√
5/(4pi)β22
)
+ 0.5 fm. The decaying DNS with given
Z and N has to escape from the local minimum at
R = Rm(Z,N) by overcoming the potential barrier at
R = Rb(Z,N), where Rb(Z,N) ≈ Rm(Z,N) + 2 fm.
The height of the barrier which the DNS with Z and
N0 should overcome to observe the nucleus with Z
and N is given by BR(Z,N) = U(Rb(Z,N), Z,N, J) −
U(Rm(Z,N0), Z,N0, J). The neutron number N0 cor-
responds to the N/Z equilibrium in the DNS at given
Z, i.e., the conditional minimum of the potential energy
surface. In Eq. (10), the value of Bqf = min(B
sym
η , B
R
qf)
is the barrier preventing the DNS decay either in R
or toward more symmetric configurations. The DNS
symmetrization increases the Coulomb repulsion and,
thus, leads to its decay from more symmetric config-
uration. The value of Bsymη measures the barrier for
the initial DNS toward more symmetric configurations.
The temperature Θ(Z(i), N (i)) is estimated using the
Fermi-gas expression Θ =
√
E∗/a with the excitation
energy E∗(Z(i), N (i)) of the initial DNS and with the
level-density parameter a = Atot/12 MeV
−1, where
Atot = A1 + A2 is the total mass number of the DNS.
The temperature Θ(Z,N0) is calculated for the excita-
tion energy E∗(Z(i), N (i)) −
[
U(Rm(Z,N0), Z,N0, J) −
U(Rm(Z
(i), N (i)), Z(i), N (i), J)
]
.
To reduce the number of transfered nucleons and, thus,
to increase the yields, we consider only the production of
neutron-rich nuclei with Z = Z(i) and N > N (i). In the
reactions treated the initial DNS are rather close in en-
ergy to the N/Z equilibrium. In this case Θ(Z(i), N (i)) ≈
Θ(Z,N0) and the expression for the formation-decay
probability YZ,N in Eq. (10) is simplified as
YZ(i),N ≈ 0.5 exp
[
−
BR(Z
(i), N)−Bqf(Z
(i), N (i))
Θ(Z(i), N (i))
]
.
(11)
III. CALCULATED RESULTS
In the present work, we focus on the multi-nucleon
transfers that transform the initial DNS to a larger N
when Z = Z(i). In order to supply a larger yield of the
neutron-rich nucleus with (Z(i),N), the potential energy
of the DNS containing this nucleus should be close to
that of the initial DNS with (Z(i),N (i)). This condition
should be one of the main criteria for selecting the pro-
jectile and target nuclei. The excitation energy of the
initial DNS should not exceed the threshold above which
the excitation energy of the neutron-rich product is larger
than its neutron separation energy. So, the nuclei pro-
duced near the neutron drip line should be quite cold to
avoid their losses during the de-excitation process. The
primary neutron-rich nucleus excited above the thresh-
old contributes to the yield of the nucleus with smaller
number of neutrons. Because the exotic nucleus results
from the multi-nucleon transfers between the projectile-
like and target-like parts of the DNS, one can assume
the thermal equilibrium in the DNS containing the ex-
otic nucleus or in the DNS which is quite far from the
initial DNS in the (Z,N) space. Indeed, for the forma-
tion of these DNS, quite a long time is needed such as
t0 ≈ 10
−20 s at J ≤ 30. Therefore, in the considered re-
actions the excitation energy of the light or heavy nucleus
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FIG. 1. (Color online) The predicted cross sections of the pro-
duction of neutron-rich isotopes Xe148,150,152 in the transfer
reactions with the radioactive beam of Xe144 . The cross sec-
tions correspond to the maxima of 0n evaporation channels.
The symbols correspond to the indicated reactions.
with the mass A1 or A2 is
E∗1,2(Z
(i), N) =
[
E∗(Z(i), N0)−BR(Z
(i), N)
] A1,2
Atot
.
(12)
The deviation from the thermal equilibrium is expected
only for the DNS near the initial DNS with (Z(i), N (i))
which are formed in a short time. If one of the DNS
nucleus is magic, it takes a smaller excitation energy
than the value determined by Eq. (12). So, our esti-
mates of production cross sections with Eq. (12) indicate
the upper limits of the yields. The cross section σZ(i),N
for the production of the exotic nucleus with (Z(i), N)
increases with E∗(Z(i), N0) until when E
∗
1 (Z
(i), N) or
E∗2 (Z
(i), N) becomes equal to the neutron separation
energy Sn(Z
(i), N). Up to this moment the primary
and secondary yields coincide. A further increase of
E∗(Z(i), N0) would increase the yield of the primary ex-
cited neutron-rich nuclei which then emit neutrons con-
tributing to the yield of secondary nuclei with smaller
number of neutrons. The mass excesses and, correspond-
ingly, the neutron separation energies Sn for unknown
nuclei are taken from the predictions of the finite-range
liquid-drop model presented in Ref. [26].
Through Refs. [15–17, 23] the applicability of the
present model to describe the existing experimental data
has been tested. The yields of isotopes, which are several
nucleons away from the entrance channel, are well de-
scribed by the DNS potential energy, and our approach
therefore seems to be suitable.
Employing the radioactive beam of Xe144 , one can pro-
duce more neutron-rich isotopes of Xe and study their
properties. The nuclei Xe148,150,152 have more than 93
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FIG. 2. (Color online) The predicted cross sections of the pro-
duction of neutron-rich isotopes Te136,138,140,142 in the trans-
fer reactions Te134,136 + Ca48 . The cross sections correspond
to the maxima of the 0n evaporation channels (closed sym-
bols) and 2n evaporation channels (open symbols). The sym-
bols correspond to the indicated reactions. Arrows connect
the points corresponding to the productions of the same iso-
tope but in different evaporation channels.
neutrons, i.e. with these nuclei one can trace an evolu-
tion of neutron shells well beyond N = 82. The predicted
cross sections in 0n evaporation channel are presented in
Fig. 1. Here, we show only the cross sections larger than
0.01 pb. In the reactions considered in this work, the
formation of the nuclei of interest occurs in accordance
with the following schemes: Xe144 + Ca48 → Xe142 +
Ca50 → Xe148,150,152 + Ca44,42,40 , Xe144 + Zn70 →
Xe136 + Zn78 → Xe148,150 + Zn66,64 , Xe144 + Kr86 →
Xe138 + Kr92 → Xe148,150,152 + Kr82,80,78 , Xe144 + Sr88 →
Xe136 + Sr96 → Xe148 + Sr84 . The Ca48 target seems
to be favorable to produce Xe148,150,152 , while the Kr86
target would lead to relatively large cross sections for the
yields of Xe148,150 . With increasing charge number of the
target nucleus the initial DNS becomes unstable with re-
spect to the decay in R. So, the use of the combination
with a larger Z1×Z2 does not seem to be promising even
they supply a gain in Q values.
Figure 2 shows the cross sections predicted for the pro-
duction of neutron-rich isotopes of Te with the beams of
Te134,136 . Only the yields with the cross sections larger
than 0.1 pb are presented. As in the case of Xe beams,
the Ca48 target is expected to be the most appropriate
to create Te isotopes close to the neutron drip line.
For these calculations we use the neutron separation
energies Sn predicted in Ref. [26]. As a result, the model-
dependence of these values is unavoidable. To study the
influence of the uncertainties of Sn = 4—4.5 MeV, in
the case of the Te136 + Ca48 reaction, we consider the
cases of Sn ± 0.5 MeV. The variations of the obtained
cross sections are marked by the error bars in Fig. 2.
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(
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Ec.m. (MeV)
FIG. 3. (Color online) The expected maximal cross sections
of the production of neutron-rich isotopes Zn82,84,86 in the
0n evaporation channels of the transfer reactions Xe142,144 +
Zn68,70 . The symbols correspond to the indicated reactions.
We find that 0.5 MeV uncertainty in Sn causes about
20% uncertainty in the cross section and about 1 MeV
uncertainty in the corresponding value of Ec.m..
If the bombarding energy is higher, then the neu-
tron evaporation process occurs from the primary ex-
cited products. Here, we also consider the 2n evapo-
ration channels as in the reactions of Te134 + Ca48 →
Te136,138,149 + 2n. As shown in Fig. 2, the yields of the
primary products with the same N are larger in the 2n
channel than in the 0n channel because of the larger ex-
citation. After the 2-neutron emission, the secondary
products (N − 2) appear with the same cross sections
as the primary products (N) which are almost one order
of magnitude smaller than those for the products pro-
duced in the 0n evaporation channel. So, the increase of
Ec.m. feeds the yield of isotopes with smaller number of
neutrons. Although this feeding is quite small for the iso-
topes considered in this present work, one may increase
the thickness of the target in future experiments in order
to increase the total yields of the isotopes of interest. We
note that the role of the feeding becomes more impor-
tant as decreasing the neutron number of the produced
isotope.
With the radioactive beams of Xe142,144 one can pro-
duce neutron-rich target-like nuclei with N > 50. In
Fig. 3 the cross sections are predicted for the reactions
of Xe142,144 + Zn68,70 → Zn82,84,86 . The yields of the
neutron-rich Zn isotopes increase with neutron numbers
of the projectile and target. The yield of neutron-rich iso-
topes decreases almost by two orders of magnitude when
its neutron number increases by 2 units. The reactions
of Xe142 + Zn70 and Xe144 + Zn68 are found to have the
same value of the cross sections but different values of the
optimal Ec.m.. The production of Zn
86 occurs with the
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FIG. 4. (Color online) The expected maximal cross sections of
the production of neutron-rich isotopes Ca52,54,56,58,60 in the
0n evaporation channels of the transfer reactions Te134,136 +
Ca48 . The symbols correspond to the indicated reactions.
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 198Pt + 48Ca  202,204,206Pt 
 198Pt + 50Ti  202,204Pt
198Pt + 54Cr  202,204Pt
(
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FIG. 5. (Color online) The expected maximal cross sections
of the production of neutron-rich isotopes Pt202,204,206 in the
0n evaporation channels of the listed transfer reactions. The
symbols correspond to the indicated reactions.
largest cross section in the Xe144 + Zn70 reaction. There-
fore, the shell evolution beyond N = 50 can be traced by
studying neutron-rich nuclei in this region of Z.
The reactions of Te134,136 + Ca48 can be used to pro-
duce the neutron-rich isotopes Ca52,54,56,58,60 (N > 28)
with the cross sections larger than 1 pb as shown in Fig. 4.
The replacement of Te134 by Te136 leads to about 5 times
larger yields of neutron-rich Ca isotopes. However, these
cross sections are about 5 times smaller compared with
the Sn132 + Ca48 reaction [16].
To study the neutron-rich nuclei with N around
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 198Pt + 48Ca  202,204,206Pt 
 198Pt + 48Ca  205Pt + 1n
 198Pt + 48Ca  204Pt + 2n
 198Pt + 48Ca  203Pt + 3n
 198Pt + 48Ca  202Pt + 4n
 
 
204Pt
206Pt
FIG. 6. (Color online) The expected maximal cross sections
of production of the neutron-rich isotopes Pt202,204,206 in the
(0 ∼ 4)n evaporation channels of the transfer reactions of
Pt198 + Ca48 . The symbols correspond to the indicated re-
actions. Arrows connect the points corresponding to the pro-
ductions of the same isotope in different evaporation channels.
126, we consider the production of Pt202,204,206 .
The unknown platinum isotopes can be pro-
duced in the nucleon transfer reactions of
Pt198 + Ca48 , Ti50 , Cr54 , Fe58 , Ni64 , Zn70 , Ge76 →
Pt202,204,206 with stable beams. The estimated cross
sections are presented in Fig. 5. The Pt198 + Ca48 reac-
tion is the most favorable to produce the Pt202,204,206
isotopes. For the projectiles with larger value of Z
the cross sections are about two orders of magnitude
smaller. In the reactions with Ni64 , Zn70 , and Ge76
the cross sections are similar to or larger than those
of the reactions with Ti50 , Cr54 , and Fe58 due to the
gains in the Q-values. With the reaction partner heavier
than Ge76 the DNS formed in this case becomes very
unstable with respect to the decay in R and, therefore,
the nucleon transfers are reduced. This shows that
the use of more symmetric reactions does not help to
produce isotopes close to the neutron drip line.
In Fig. 6 we compare the cross sections in different neu-
tron evaporation channels. Although the cross section of
the production of Pt204 in the 2n evaporation channel is
more than two orders of magnitude smaller than that of
the 0n evaporation channel, it is larger than 0.1 nb and
could be examined with the current experimental facili-
ties. In order to make these experiments feasible, thicker
targets and higher energy will be helpful as they would
increase the yield.
The results shown in Fig. 7 show that the use of the
radioactive beams of Ni66,68,70,72 and the Pt198 target
will allow to increase the yields of the neutron-rich nu-
clei Pt202−210 in comparison with the case of the Ni64
beam. The increase of the mass number of Ni by 2 units
220 230 240 250 260
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 198Pt + 64Ni  202,204,206Pt
 198Pt + 66Ni  202,204,206Pt
 198Pt + 68Ni  202,204,206Pt 
 198Pt + 70Ni  202,204,206,208,210Pt
 198Pt + 72Ni  202,204,206,208,210Pt
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204Pt
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FIG. 7. (Color online) The expected maximal cross sections
of production of the neutron-rich isotopes Pt202,204,206,208,210
in the 0n evaporation channels of the transfer reactions of
Pt198 + Ni64,66,68,70,72 . The symbols correspond to the indi-
cated reactions.
leads to more than 10 times larger cross sections. In the
Ni72 + Pt198 reaction one can produce even 210Pt isotope
(N=132) with the cross section of about 1 pb.
IV. SUMMARY
In this work, we propose the multi-nucleon transfer
reactions with radioactive and stable beams to produce
the neutron-rich isotopes close to the neutron drip-line.
The radioactive beams are expected to be of a good in-
tensity enough to produce such isotopes properly even
with a small cross section. Thus we search for the pro-
duction of neutron-rich isotopes of which cross sections
are larger than 1 pb as the experiments for such re-
actions can be performed at current and future facili-
ties. In the reactions considered in the present work,
the neutron-rich nuclei with neutron numbers beyond
the magic values N = 28 ( Ca52,54,56,58,60 ), N = 50
( Zn82,84,86 ), N = 82 ( Te136,138,140,142 and Xe148,150,152 ),
and N = 126 (202,204,206,208Pt) would be produced with
the cross sections larger than 1 pb. The study of these
nuclei is, therefore, desirable to trace the shell evolution
toward the neutron drip line. The results of the present
calculations show that the production cross sections of
neutron-rich nuclei increase by about one order of mag-
nitude with increasing mass number by 2 units in the
reaction partners. The maximal cross sections are found
to be in the 0n evaporation channels. The cross sections
in 1n ∼ 4n evaporation channels are smaller but still
measurable. Then in this case, one can use higher bom-
barding energies and thicker targets to increase the yields
of neutron-rich nuclei. Some of the reactions investigated
7in this work can be tested by the current experimental fa-
cilities. If the expected intensity of the radioactive beam
is 107− 109 pps, then the production rate of the nuclides
is roughly estimated as 0.01–1 particle per day at pro-
duction cross section 1 nb. Therefore, the observation of
the isotopes produced with the cross section smaller than
1 nb would be difficult in the experiments proposed with
the present radioactive beams. The production cross sec-
tion of 1 pb would lead to the reasonable irradiation time
if the intensity of the radioactive beam is at least larger
than 1010 pps.
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